1. Introduction {#sec0005}
===============

The filamentous fungi are naturally excellent protein secretors and can produce industrial enzymes in sufficient amounts [@bib0065]. Abd-El Rahim [@bib0095] assessed the textile dyes bioremediation using different fungal biomass as compared with some abiotic agents. Abd-El Rahim et al. [@bib0090] studied enhancing the bioremoval of textile dyes by biomass of fungal strains from media supplemented with gelatine wastes and sucrose. In another work Abd-El Rahim [@bib0090] studied the enhancment of fungal growth and biomass accumulation by several promising strains. The biomass was tested for rapid dye removal. Filamentous fungi represent attractive bioflocculating agents because of their self-pelletization capacities. Fungal self-pelletization has been observed for numerous filamentous strains and can be explained by coagulative and non-coagulative mechanisms [@bib0035], [@bib0115], [@bib0045], [@bib0110]. The coagulative mechanism observed in representatives of *Aspergillus* spp., *Basidiomycete* spp., *Phanerochaete* spp. that involves spore coagulation leading to developments of aggregates/pellets. As a result fungi produce dense spherical aggregates [@bib0115], [@bib0035]. The non-coagulative mechanism involves spores germinating into hyphae, which then intertwine into pellets. Representatives of several fungal species: *Rhizopus* spp., *Mucor* spp. and *Penicillium* spp. display the non-coagulative mechanism [@bib0115], [@bib0035] which play role in reducing the cost of biomass harvesting that requires additional energy input. Such property can play significant role in high cell density cultivation of fungi particularly for easy harvesting of the fungal biomass. The aim of this study is to grow several selected fungal strains having the potential of high cell density accumulation to accumulate large biomass to be used for textile azo dyes bioremediation.

2. Material and methods {#sec0010}
=======================

2.1. Fungal strain and inocula preparation {#sec0015}
------------------------------------------

The six highly efficient fungal strains identified in our previous laboratory testing as promising bioremediation agents were included in this study for further high biomass accumulation in the growth media. The six fungal strains previously isolated from an industry effluent damping site and tested for azo dyes bioremediation were maintained in potatoes agar slants medium and kept in the refrigerator. The strains were sub-cultured every 4 months. The composition of the culture medium used for inoculum preparation and biomass cultivation was: 10 g/l sucrose, 0.5 g/l H~2~PO~4~, 0.2 g/l MgSO~4~ 7H~2~O, 0.1 g/l NaCl [@bib0090].

A spore suspension was used for inoculation of the flask cultures. Agar plates with the sporulation medium (24 g L^−1^ potato dextrose broth with 20 g L^−1^ agar) were plated out with spores from a refrigerated stock and incubated for 6 days at 28 °C. Spore suspensions were harvested by adding 10 ml of sterilized water onto the surface of agar plates to release spore from the aerial mycelium.

2.2. Batch fermentation {#sec0020}
-----------------------

Biomass production experiments were performed in a 7.5L BioFlo 310 bench top Fermenter/Bioreactor (New Brunswick scientific Co., Inc.) with a working volume of 5L. The fermenter and media were sterilized by autoclaving at 121 °C for 20 min. The spore suspensions were used to inoculate the fermenter.

Samples were regularly withdrawn from the fermenter every 24 h. and analyzed for residual sugar (using hand Refractometer), accumulated biomass and total protein. The pH was recorded throughout the course of batch process. Foam was controlled by adding silicon oil antifoam (Fluka). The fermenter was aerated at an air flow rate of 2.5 l/min, corresponding to 0.5 v/v/min. The temperature was controlled at 28 °C. The process continued for 5 days (120 h).

2.3. Evaluation of biomass accumulation {#sec0025}
---------------------------------------

Samples were collected from fermenter at certain intervals of incubation (24, 48, 72, 96 and 120 h, either was mentioned). The samples were passed through filter Watman paper No. 1. and the biomass was measured by drying of the biomass collected from the volume taken to constant weight at 65 °C.

2.4. Residual sugar readings {#sec0030}
----------------------------

Sucrose consumption was monitored as the intake percentage of sucrose were quantified by Atago hand Refractometer.

2.5. Growth of fungal strains for biomass accumulation on sucrose and molasses {#sec0035}
------------------------------------------------------------------------------

The fungal biomass accumulation was evaluated at intervals of incubation. Accumulation of biomass by six fungal strains were assessed in sucrose and molasses media. The changes in pH, biomass dry weight, residual sugars and protein content in the culture media were determined at all sampling intervals. Then specific growth, specific substrate consumption and specific protein production rates were calculated.

3. Results {#sec0040}
==========

3.1. Performance of the potential fungal strains in relation to sucrose consumption, biomass accumulation, and protein production {#sec0045}
---------------------------------------------------------------------------------------------------------------------------------

Change in sucrose containing media inoculated with the 6 fungal strains were tracked in the culture media throughout the experimental time. The selection of the strains no. 2, 5, 6, 11, 20, and 21 was based on the efficiency of such strains in bioremediation of textile dye residues either by bio-removal and/or bio-degradation.

In the medium containing 1% sucrose, strain 2 gradually consumed sucrose up to 50% after 72 h of incubation. Sampling after 96 h showed that, 80% of sucrose was used from the medium. The pH decreased from 3.5 to 2.2 at the end of the incubation. The biomass accumulation increased as the time of incubation increased and reached 8.05 g/l after 96 h. The protein content in the growth medium reached the maximum after 96 h of incubation being 13.01 μg/ml ([Fig. 1](#fig0005){ref-type="fig"}).

In [Fig. 2](#fig0010){ref-type="fig"}, growth of fungal strain No. 5 in the sucrose medium was increased as the time of incubation increased. At 48 h of incubation the biomass accumulation by strain 5 was less than that of strain 2 being 5.55 g/l compared with 7.25 g/l in case of strain 2. At the end of incubation period strain 5 had more biomass accumulation (8.55 g/l) than strain 2 (8.05 g/l). The pH of the growth media decreased at the end of incubation period. Increase in protein production in the growth media was noted with strain 5 being the highest producer at 72 h and amounted 13.86 μg/ml ([Fig. 1](#fig0005){ref-type="fig"}).

As regards strain 6 the pH changes showed decrease from 3.5 to 2.85 within 48 h of growth, and then the pH did not change markedly till the end of the incubation period. [Fig. 1](#fig0005){ref-type="fig"} illustrated that 40% of sucrose was consumed in the first 48 h and at the end of incubation. The residual sucrose was 0.2% of the initial sucrose amendment. The dry weight accumulation by this strain was low in comparison with the previous strains. It reached only 2.19 g/l at the end of the experiment (120 h) which is almost one fourth of the biomass accumulation by strain 2 and 5 at the same sampling time. The protein content of growth medium was also low amounting to 5.41 μg/ml at the end of incubation period.

The fungal strain 11 growing on sucrose medium showed similar trends in pH changes, sucrose consumption, dry weight accumulation and protein content in the growth medium. While pH and sucrose content decreased incubation time, the dry weight and protein content increased. Maximum biomass accumulation and protein content was reached after 96 h of incubation being 12 g/l of dry weight and 8.62 μg/ml of respectively. This strain was marked by highest biomass accumulation among all tested strains in sucrose medium. The conversion of the carbon source (sucrose) to biomass was distinguished by high efficiency. The protein content of the growth medium amounted 13.81 mg/l at the end of incubation being the highest among all studied fungal strains growing on sucrose mediu ([Fig. 3](#fig0015){ref-type="fig"})

The fungal growth of strain 21 on sucrose medium gradually decreased pH and extensively consumed the sucrose where the sugar was totally consumed after 96 h of incubation ([Fig. 1](#fig0005){ref-type="fig"}). This strain was fast grower and consumed 80% of the sucrose in 48 h. Consequently the biomass accumulation was high at early growth phase (48 h of incubation). At this sampling time the strain accumulated 5.1 g dry weight per liter. However, the dry weight accumulation and released protein was much less than strains 5 and 20. In general the results show that strains 11, 20 and 5 I respectively order were the best biomass accumulators ([Fig. 2](#fig0010){ref-type="fig"}).

3.2. Performance of the potential fungal strains in relation to molasses consumption, biomass accumulation, and protein production {#sec0050}
----------------------------------------------------------------------------------------------------------------------------------

In the medium containing 1% molasses, strain 2 gradually consumed molasses up to 60% after 72 h of incubation. The pH decreased gradually from 3.5 to 2.65 at the end of the incubation (72 h). The biomass accumulation increased as the time of incubation increased and reached 5. 40 g/l after 72 h. The protein content in the growth medium reached the maximum after 72 h of incubation being almost10.00 μg/ml.

The fungal growth of strain 5 in the molasses medium increased as the biomass accumulation increased with increasing the incubation period. At the end of the incubation, the biomass accumulation was less than that of strain 2 being 3.4 g/l. Strain 5 consumed molasses almost totally after 72 h of incubation. The pH of the growth media decreased and reached 3.0 at the end of incubation. The increase in protein content was gradual and reached the maximum at 72 h being 3.5 μg/ml.

As regards fungal strain 6 the pH changes showed decrease from 3.5 to 2.8 within 72 h of growth. [Fig. 4](#fig0020){ref-type="fig"} illustrates that the 80% of molasses was consumed at the end of incubation period (72 h) by strain No. 5. The dry weight accumulation by this strain in Fig. 5 was comparatively low. It reached only 3.0 g/l at the end of the experiment (72 h) which is almost one third of the biomass accumulation by strain 2 and at the same sampling time. The protein content of growth medium was consequently low amounting 3.8 μg/ml at this sampling time. The fungal strain No. 20 growing on molasses medium showed almost similar trends in pH changes, molasses consumption and dry weight accumulation. While pH and molasses decrease with increasing sampling time, the dry weight and protein content increased. Maximum biomass accumulation and protein content was reached after 72 h of incubation being 5.9 g/l for dry weight and 12.0 μg/ml for protein. This strain was marked by the highest protein content among all tested strains in molasses medium. The utilization of 55% of the added molasses by this strain after 72 h of incubation gave 5.9 g of dry weight. The results show that the fungal strain 20 did not change pH significantly throughout the incubation period. The above results indicate that the fermentation is almost ceased after 48 h.

By comparing the results for residual molasses, biomass dry weight and protein content of the six tested strains, it was found that fungal strains 20 and 2 have the highest protein content after 72 h of incubation, while strain11 has the highest biomass dry weight after 72 h of incubation. It was also found that all the strains gave almost similar values of dry weight after 48 h incubation, whereas the strain 5 gave the lowest values for residual molasses.

Strain No. 11 is the best strain since it gave the highest biomass although it consumed only about 60% of molasses.

3.3. Comparison of three fungal strains performance on sucrose and molasses {#sec0055}
---------------------------------------------------------------------------

It was obvious from the results of the dry weight accumulation for most potential fungal strains (20, 5 and 2) that molasses is a better substrate than sucrose for fungal growth. The results show that the obtained dry weight of fungal strain 20 using molasses was 59 times more than its value using sucrose. The dry weights of fungal strains 5 and 2 using molasses were approximately 15 times more than its values using sucrose.

3.4. Performance of the three promising fungal strains: (No. 5, 2, 20) on molasses medium at controlled pH 3 in batch fermenter {#sec0060}
-------------------------------------------------------------------------------------------------------------------------------

Three promising azo dyes removing fungal strains 5, 2, 20 were grown on molasses as substrate with controlled pH 3. The biomass dry weight, residual molasses and protein content were measured throughout the incubation period. Paralel to that the specific growth rate, specific substrate consumption rate and specific production rate were calculated.

The fungal strains 5, 2, 20 grown on a molasses medium at controlled pH3 extensively consumed the molasses leaving zero molasses after 30 h of incubation. The strains were fast growers and consumed 90% of the molasses in less than 24 h. After 48 h the dry weight accumulation reached 3.2, 3.9, 3.2 g/l. The increase in protein released in the growth media followed the same trend observed in biomass accumulation with strain 2 being more protein producer than the other two strains.

The calculated specific growth rate, specific substrate consumption rate and specific protein production rate of fungal strains 2, 5, and 20 showed that the specific growth rate for fungal strain 2 was at its highest value 0.05 h^−1^ after 20 h of the incubstion, and then decreased at 24 h to approximately 0.04 h^−1^ then declined to zero throughout the remaining time of the incubation. This indicates that the fungal growth has ended after 20 h of incubation.The specific growth rate for fungal strain 5 had however its highest value (0.035 h^−1^) at the beginning of the incubation, and then dropped after 20hr to approximately 0.015 h^−1^ then resumed the decline through the remaining incubation time. These results indicate that the fungal strain 20 has come to the maximum growth rate after 20 h of incubation, whereas the specific growth rate of strain 20 reached the maximum (0.08 h^1^) after 20 h of incubation, and then dropped slightly at 24 h to 0.07 h^−1^ and declined to zero throughout the remaining time of the incubation.This supports the results indicating that the growth of these fungal strains has ceased after 20 h of incubation.

The data show that the specific substrate consumption rate by strain 2 followed the same pattern of specific growth rate,which was at its highest value (0. 17 h^−1^) after 20 h of incubation.The consumption decreased gradually during the remaining time of the incubation. The specific substrate consumption rate of strain 5 can be considered a mirror image for the specific growth rate and was at its highest value (0. 35 h^−1^) at the beginning of the incubation, then dropped after 20 h to 0.15 h^−1^ then resumed the decline throughout the remaining time of the incubation. The specific substrate consumption rate of strain 20 had the same trend of strain 5 being 0.325 h^−1^ at 20 h then the decreased throughout the remaining time of the incubation. The specific protein production rate of strain 2 increased gradually during the first 24 h to reach its highest value (0.225 h^1^), then stabilized for the rest of the incubation period. The specific production rate of strain 5 followed the same trend as the previous strain with its highest value (0.06 h^−1^) after 24 h, and then stabilized for the rest of the incubation period. The results show that the specific production rate of strain 20 increased in a straight line pattern during the incubation time to reach its highest value after 30 h (0.16 h^−1^). Most of the above results support the concept that the growth and multiplication of the fungal strains have ceased after 24 h.

3.5. Comparison of three fungal strains performance on molasses media at uncontrolled and controlled pH {#sec0065}
-------------------------------------------------------------------------------------------------------

A comparison between the results of dry weight, residual molasses and protein content for strains 20, 5 and 2 under uncontrolled and controlled media pH is illustrated in [Fig. 4](#fig0020){ref-type="fig"}.

The results show that controlling the pH at 3 throughout the incubation period increased the biomass significantly over that in the uncontrolled pH media. The biomass accumulation was doubled for fungal strains 20 and 2 after 30 h of incubation, while the dry weight of fungal strain 5 increased from 2.5 to 3 g/l at the same incubation period.

The protein released by strain 20 in the growth media at controlled pH was 2.25 times its value at uncontrolled pH, whereas, strain No. 2 produced protein at controlled pH 2.5 times its value at the uncontrolled pH process. In the mean time isolate 5 doubled its production of protein in the controlled pH3 media after 30 h of incubation ([Fig. 4](#fig0020){ref-type="fig"}).

In general, the molasses in the growth media has been totally utilized in the pH controlled media after 30 h of incubation due to the higher consumption of the substrate to build up and accumulate the biomass indicating the efficient conversion of substrate to biomass and other products such as protein ([Fig. 4](#fig0020){ref-type="fig"}).

4. Discussion {#sec0070}
=============

This work aims at optimization of high biomass accumulation by six fungal strains.The strains were isolated in previous studies and tested for growth on sucrose and molasses media to obtain high biomass. These six fungal strains were selected based on their capacity to accumulate large amounts of biomass in a short time. The medium containing molasses as a cheap substrate was used for growing the fungal strains in 7.5-l fermenter. In this study three strains were grown on medium containing molasses at a concentration of 1% at starting pH 3.0. The growth of fungal strains after incubation period of 2 days at 28 °C gave the best biomass accumulation. The study was focused on process development and optimization of process controlling parameters in 7.5 l bench fermentor to study the accumulation of the fungal biomass and the total protein in the broth media. This work addressed two aspects: the first is the fungal biomass accumulation required for bioremediation of textile dye residues and the second, is the production of protein including enzymes participating in the breakdown of the dye residues.

The study showed that the molasses (the cheaper source of sugar) is better than sucrose for growing fungal biomass particularly when the pH was controlled throughout the incubation period at 3. This has resulted in a dramatic increase in biomass accumulation. Many authors have previously reported that the filamentous fungus *Trichoderma reesei* produces a variety of extracellular cellulases and hemicellulases that hydrolyse plant-derived polysaccharides into monomeric sugars which in turn are used as a source of carbon and energy by the fungal cells [@bib0005], [@bib0055], [@bib0060]. The most abundant of these enzymes are cellobiohydrolases and endoglucanases, with cellobiohydrolase I (CBHI) to comprise the major part of the total extracellular protein produced by the fungus [@bib0040]. Abd-El Rahim [@bib0095] and Abd-El Rahim et al. [@bib0090] studied the biomass production by different fungal strains for further using in textile dyes removal.

Production of extracellular proteins by filamentous fungi, such as α-amylase in *Aspergillus oryzae* [@bib0010], [@bib0080] and glucoamylase in *Aspergillus niger* [@bib0050], [@bib0075], [@bib0105], has been shown to be growth-associated in many cases. However, examples of non growth associated production are also known, such as recombinant protein production by *Fusarium venenatum* [@bib0100]. Taking into account the data from the wide range of growth rate studies, the results in this study as well as those obtained by other scientists [@bib0015], [@bib0020], [@bib0070] indicate that production of the hydrolytic enzymes that constitute the major part of the extracellular proteins produced by *T. reesei* is not directly growth-rate associated.

In terms of specific protein production rate as well as the yield of extracellular protein per amount of carbon source consumed, the production of extracellular proteins was maximal at the specific growth rate of 0.031 h^−1^, however, at higher growth rates a significant reduction in production was observed [@bib0085].

The study showed that the type of substrate is a crucial factor in the cell mass cultivation and product formation by several fungal strains. Also, controlling the pH of the broth media in the fermenter throughout incubation time is crucial. In our study using molasses as substrate increased the cell mass cultivation and protein production than using sucrose. Controlling the pH at 3throughout the incubation period also, increased the cell mass cultivation and protein production as compared with the uncontrolled growth media pH. This was in agreement with other results obtained by Elshafei et al. [@bib0025] who improved the fungal growth of *T. reesei* by 63% and the exoglucanase activity by 15 fold by controlled media pH. Hussein et al. [@bib0030] reported that controlling pH at 6 enhanced catalase production by *P.chrysogenum* and the growth by about 2--3 folds. The shorter exponential phase and the earlier stationary phase of the growth in the pH controlled batch also indicated that pH control enhanced the growth cycle of fungi. It was also noticed that pH control, reduced the time course of the batch by 24 h since the carbon substrate was almost totally exhausted by the sixth day rather than the seventh day in batches without controlled pH. The same phenomenon was recorded in this study by growing the three fungal strains in molasses containing media with controlled pH 3 throughout the incubation period.

5. Conclusion {#sec0075}
=============

The optimization of growth conditions for enhancing the biomass accumulation and protein production by six fungal strains was studied in 7.5 l fermentor. The maximum biomass accumulation and protein production were achieved in molasses media comperd to sucrose. The study shows that the molasses as a cheaper carbon source was successfully used to promote fungal biomass and protein accumulation by the azo dye removing fungal strains.
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